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==========================

Nearly 1.2 million women are diagnosed with breast cancer all over the world every year, and 500,000 women die of it.\[[@ref1]\] With the development of treatment strategies, an enhanced awareness of medical examination, and the popularity of breast cancer screening, the 5-year overall survival of breast cancer patients has improved in the last 30 years.\[[@ref1]\] The 5-year, 10-year, and 15-year overall survival is 89%, 83%, and 78%, respectively. Analyses of randomized clinical trials have proven that breast-preserving surgery achieves survival equivalent to mastectomy in patients with early-stage breast cancer.\[[@ref2][@ref3][@ref4]\] Adjuvant whole-breast irradiation is performed on these patients as the standard of care.

Radiotherapy following breast-conserving surgery for early-stage disease significantly reduces local recurrence and improves overall survival and thus has become an integrated part of breast cancer treatment.\[[@ref5][@ref6]\] Conventional radiotherapy regimens for these patients usually consist of two opposed tangential fields, followed by a boost with electron beam, achieving satisfactory local control with relatively low incidence of radiation complications.\[[@ref7]\] However, dose inhomogeneity in the target and doses to the organs at risk (OAR), especially the heart, ipsilateral lung, and contralateral breast, are the major limitations of this technique.\[[@ref8]\] Intensity-modulated radiotherapy (IMRT) with simultaneous-integrated boost (SIB) technique is adapted for breast cancer patients after breast-conserving surgery. This therapy is capable of shortening treatment course, improving dose homogeneity and conformity, and sparing normal tissues (NTs).\[[@ref9][@ref10][@ref11]\] Currently, volumetric-modulated arc therapy (VMAT) has become one option for postoperative radiotherapy in breast cancer. However, the effectiveness of VMAT is controversial: some oncologists claim that VMAT has better protection for the adjacent organs than IMRT,\[[@ref12][@ref13][@ref14]\] while others think that VMAT only reduces the treatment time without any advantage in the protection of NT.\[[@ref15][@ref16]\]

Recently, Jöst *et al*.\[[@ref17]\] recommended the use of the VMAT + IMRT hybrid technique in radiation treatment of breast cancer after breast-conserving surgery, with the whole breast treated with IMRT and the boost volume treated with VMAT. Lin *et al*.\[[@ref18]\] demonstrated that the VMAT and IMRT techniques could be applied simultaneously and that the hybrid-VMAT plan was feasible for whole-breast irradiation of left sided, early breast cancer. It is well known that during radiotherapy, the breast may have setup uncertainties of more than 1 cm. Respiratory motions will cause additional uncertainties in the radiation dose delivery to the target. Although breath hold and active breath control techniques can reduce errors, these techniques might not be feasible for every patient and not all the clinics are implementing these techniques. Previously, Mayo *et al*.\[[@ref19]\] developed a hybrid technique of IMRT plus tangential beams, which could take into account the effect of breathing movement as well as achieve dose uniformity and NT protection. However, little is known about whether VMAT has advantages over IMRT when combined with tangential beams, especially in the SIB radiotherapy of breast cancer patients after breast-conserving survey.

The purpose of the present study was to demonstrate the feasibility and advantages of a hybrid VMAT technique in SIB radiotherapy of breast cancer. Specifically, plans of two coplanar 90° VMAT arcs plus tangential beams were compared with plans of IMRT beams plus tangential beams. We investigated dosimetric parameters, including the conformity index (CI), heterogeneity index (HI), and the radiation dose to NTs, especially the left ventricle. Our results provided clinical evidence for validating the use of the hybrid VMAT technique in radiotherapy with SIB for early-stage left breast cancer.

M[aterials and]{.smallcaps} M[ethods]{.smallcaps} {#sec1-2}
=================================================

Patient selection and image acquisition {#sec2-1}
---------------------------------------

Nine patients were enrolled in this retrospective study under an Institutional Review Board-approved protocol. These patients had left sided, early-stage invasive mammary carcinoma (pT1N0M0), and underwent breast-conserving surgery followed by radiotherapy at our hospital between February 2014 and August 2015. Patients between 34 and 46 years old, with adequate function of the liver, kidney, heart, and hematopoietic system were considered eligible for the study. Patients with positive axillary or supraclavicular lymph nodes and distant metastasis were excluded from the study. All patients were immobilized in the supine position with the arm abducted (90° or greater) on the disease side. A computed tomography (CT) scan (LightSpeed RT4, GE Healthcare, USA) with 5 mm slice thickness was acquired for each patient, with coverage from the mandible to 4--6 cm below the inframammary fold to cover the entire lung volume. Imaging data were then transferred to the Eclipse treatment planning system (Varian Medical Systems, USA) for delineation of targets and critical structures.

Definition of target volumes and organs at risk {#sec2-2}
-----------------------------------------------

Clinical target volume (CTV) and gross tumor volume (GTV) were delineated according to the Radiation Therapy Oncology Group (RTOG) guidelines.\[[@ref20]\] The planning target volume (PTV) and the boost volume (primary gross tumor volume \[PGTV\]) were expanded by an 8 mm margin from CTV and GTV, respectively, and were restricted to the breast tissue within 3 mm from the skin. Contralateral breast, contralateral lung, ipsilateral lung, heart, left ventricle, and NT were contoured by the same physician on the CT images. The heart was contoured from the pulmonary trunk branches into the left and right pulmonary arteries, and to its apex according to the RTOG 0413 protocol. The left ventricle was contoured from the mitral valve at the cephalic direction along the smooth appearance of the left ventricular outflow tract, and the posterior border was along the diaphragmatic cardiac surface.\[[@ref21]\] NT represents the external contour of the patient\'s body minus the breast PTV, with an additional distance of 0.5 cm.

Treatment planning techniques {#sec2-3}
-----------------------------

Patients were treated with conventional three-dimensional conformal radiotherapy (3D-CRT) technique of two opposite tangential photon beams. These 3D-CRT plans were not included in dosimetric comparison of the present study because there are reports showing that in left breast treatment, IMRT can improve dose homogeneity and conformity, and spare NTs.\[[@ref22][@ref23][@ref24]\] Using the identical planning CT datasets and the contours, three types of treatment plans were created:

The "hybrid 15°-IMRT plan" combined two tangential beams and four IMRT beams. The standard medial and lateral 3D-CRT beams with control points were created by adding a 2.5 cm expansion margin on the surface of the chest wall skin, and a 0.5 cm margin was added in the other directions. Two IMRT beams had the same gantry angles as that of the tangential beams, and the other two beams were 15° anterior from the nearest tangential beams \[[Figure 1](#F1){ref-type="fig"} Left\].The "hybrid 45°-IMRT plan" combined two tangential beams and four IMRT beams. Compared to the hybrid 15°-IMRT plan, the hybrid 45° plan is only different in that two IMRT beams were 45° anterior from the nearest tangential beams \[[Figure 1](#F1){ref-type="fig"} Middle\].The "hybrid VMAT plan" combined two tangential beams and two coplanar 90° arcs. The start angles of the arcs were the angles of the tangential beams, respectively. Each ran clockwise and counter-clockwise for 90° \[[Figure 1](#F1){ref-type="fig"} Right\]. The dose rate was set to 600 monitor unit (MU)/min. The collimator angles of the two arcs were set to 10° and 350°.

![Beam arrangements of the three hybrid planning techniques. Left, hybrid 15°-intensity-modulated radiotherapy; Middle, hybrid 45°-intensity-modulated radiotherapy; Right, hybrid volumetric-modulated arc therapy.](JMP-42-1-g001){#F1}

These treatment plans could be delivered using 6 MV photon beams commissioned for a Varian Trilogy linac (Varian Medical Systems, USA). The Linac was equipped with a 120-leaf multileaf collimator, with a maximal leaf speed of 2.5 cm/s, a maximal jaw speed of 1.5 cm/s, a maximal gantry speed of 6°/s, and a variable dose rate of up to 600 MU/min. The isocenter of all plans was placed at the center of the PTV. The IMRT plan was used by sliding window mode. For all patients, the prescribed doses of PTV and PGTV were 50.4 Gy and 60 Gy to at least 95% of the volumes in 28 fractions. In all the hybrid plans, 30% of the PTV dose was delivered by IMRT beams or arcs. Both treatment planning and optimization were performed with Eclipse version 10.0. The optimization objectives and relative priorities were the same for all plans \[[Table 1](#T1){ref-type="table"}\].\[[@ref21]\] The dose calculation grid was set at 2.5 mm. The skin flash function was not used. All plans were created by the same radiotherapy physicist and evaluated by the same radiation oncologist.

###### 

Plan optimization objectives and dose constraints for all hybrid plans

![](JMP-42-1-g002)

Evaluation parameters {#sec2-4}
---------------------

Dose-volume histograms (DVH) were generated for the target volumes and all OARs for dosimetric analysis. Following established conventions, the percentage of a volume that received at least m dose was denoted by V~m~ and the dose to q% of the volume by D~q~. The plans were compared through three parameters: PTV dose conformity, dose homogeneity, and volume of irradiated NTs.

To evaluate the quality of the plans, the maximum dose D~max~, V~107~, D~98~, D~2~, the CI and the HI of the PTV were analyzed from the DVHs. The conformity index (CI) is calculated by

![](JMP-42-1-g003.jpg)

where *V*~PTV,\ ref~ refers to a volume of the PTV covered by the prescribed dose, *V*~PTV~ refers to the volume of the contoured PTV, and *V*~ref~ refers to the volume covered by the prescribed dose. For good PTV coverage, a CI approaching unity is desired. The HI is calculated by

![](JMP-42-1-g004.jpg)

The lower the HI value, the higher the dose homogeneity within the PTV.\[[@ref25]\]

The following dosimetric parameters were compared for the NTs: contralateral breast (*D*~2~, *D*~mean~, *V*~5~, *V*~10~), contralateral lung (*D*~2~, *D*~mean~, *V*~5~, *V*~10~), ipsilateral lung (*D*~2~, *D*~mean~, *V*~5~, *V*~10~, *V*~20~, *V*~30~, *V*~40~), heart (*D*~2~, *D*~mean~, *V*~5~, *V*~25~, *V*~30~), left ventricle (*D*~2~, *D*~mean~, *V*~25~, *V*~30~), and NT (*D*~2~, *D*~mean~, *V*~5~, *V*~50.4~). The beam-on time and total MUs per fraction were recorded.

Statistical analysis {#sec2-5}
--------------------

All statistical computations were performed using the IBM SPSS statistical package (version 21; SPSS Inc., Chicago, IL, USA). All data in the text, tables, and figures are presented as the mean ± standard deviation as appropriate. Statistical significance was detected using the paired *t*-test after checking for normal distribution (Kolmogorov--Smirnov test). The Wilcoxon rank sum test was used for values that were not distributed normally. A two-tailed *P* \< 0.05 was considered statistically significant.

R[esults]{.smallcaps} {#sec1-3}
=====================

Patient characteristics are listed in [Table 2](#T2){ref-type="table"}. All the hybrid plans achieved the dosimetric requirements for the target volumes \[[Table 1](#T1){ref-type="table"}\]. The dose constraints of NTs were satisfied. The mean volumes of PGTV and PTV were 46.8 ± 17.0 cc and 767.7 ± 159.2 cc, respectively. Examples of isodose distributions are shown in [Figure 2](#F2){ref-type="fig"}.

###### 

Patient characteristics (staged according to the Union for International Cancer Control)

![](JMP-42-1-g005)

![Dose distributions of the hybrid 15°-intensity-modulated radiotherapy (left), the hybrid 45°-intensity-modulated radiotherapy (middle) and the hybrid volumetric-modulated arc therapy (right) plans for the same patient. The isodose lines represent 50.4 Gy (yellow), 60 Gy (red), 30 Gy (magenta), and 20 Gy (pink).](JMP-42-1-g006){#F2}

The three types of hybrid plans were different in PTV dose coverage \[[Table 3](#T3){ref-type="table"}\]. The *D*~98~ of the PTV in the hybrid 45°-IMRT plans was the highest (*P* \< 0.001). The *D*~50~ of the PTV in the hybrid 15°-IMRT plans was the highest. The HI of the PTV in the hybrid 45°-IMRT plans was the lowest but was not significantly different between the hybrid 15°-IMRT plans and the hybrid VMAT plans. The CI of the PTV in the hybrid 45°-IMRT plans was the highest but not significantly different from the hybrid VMAT plans (*P* = 0.613). The *D*~98~ of the PGTV in the hybrid 15°-IMRT plans was the highest but was not significantly different in the other two types of plans. The HI of the PGTV in the hybrid 45°-IMRT plans was the lowest but not significantly different from the hybrid 15°-IMRT plans. The CI of the PGTV in the hybrid VMAT plans was the highest (*P* \< 0.001). The differences in other parameters were not statistically significant in the three hybrid plans.

###### 

Comparison of the planning target volume dosimetric parameters among the three hybrid plans

![](JMP-42-1-g007)

The three hybrid plans were different in their OAR dosimetric parameters \[[Table 4](#T4){ref-type="table"}\]. The *D*~mean~, *V*~5,~ and *D*~2~ of the contralateral breast and the contralateral lung in the hybrid 15°-IMRT plans were the lowest, but the difference in *V*~10~ was not statistically significant in the three hybrid plans. The *D*~2~ of the ipsilateral lung in the hybrid 45°-IMRT plans was lowest, but not significantly different from that of the hybrid VMAT plans. The *D*~mean~, *V*~5~, *V*~10~, *V*~20~, *V*~30~, and *V*~40~ of the ipsilateral lung were not statistically significantly different in the three hybrid plans. The *V*~5~ of the heart in the hybrid VMAT plans was lower (*P* \< 0.015) than that of the hybrid 45°-IMRT plans. The *D*~2~, *D*~mean~, *V*~25~, and *V*~30~ of the heart were not statistically significantly different between the three hybrid plans. The *D*~2~ of the left ventricle in the hybrid VMAT plans was the lowest, but the differences in *D*~mean~, *V*~25~, and *V*~30~ were not statistically significant. The *D*~2~ and *V*~50.4~ of NTs in the hybrid VMAT plan were the lowest in the three hybrid plans. The *D*~mean~ and *V*~5~ of NT in the hybrid 15°-IMRT plans were the lowest, but the difference was not significant between the other two plans.

###### 

Comparison of the organs at risk dosimetric parameters for the three hybrid plans

![](JMP-42-1-g008)

By comparison, in the 3D-CRT plans for the same patients, the HI of the PTV and PGTV was 0.30 ± 0.04 and 0.17 ± 0.08; the CI of the PTV and PGTV was 0.54 ± 0.10 and 0.56 ± 0.06, respectively. These parameters were poorer than their counterparts in the hybrid plans \[[Table 3](#T3){ref-type="table"}\].

As to the beam-on time and total MUs, there was a significant difference between the hybrid VAMT plans and the other two plans \[[Table 5](#T5){ref-type="table"}\]. The beam-on time and total MUs of the hybrid VMAT plans were the least in the three hybrid plans.

###### 

Comparison of monitor units and beam-on time for the three planning techniques
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D[iscussion]{.smallcaps} {#sec1-4}
========================

The VMAT technique has been used in postoperative radiotherapy for early-stage breast cancer after breast-conserving surgery; however, we believe it is for the first time that a hybrid VMAT technique is used in such treatment. The rationale of using two coplanar 90° arcs in the hybrid VMAT technology is as follows: (1) In the VMAT plan, two arcs are needed to optimize dose distribution when dealing with a complex target;\[[@ref26]\] (2) the target is an arc that was nearly 90° along the chest wall, and the 90° arc in tangential direction enters the target without irradiating much of the lung. A hybrid VMAT plan achieves better dose conformality than a 3D-CRT plan, in the meantime reduces radiation dose to NTs than a pure VMAT plan.\[[@ref27]\] An additional advantage of using hybrid VMAT plan is a shorter radiotherapy course due to the SIB.

In regard to the HI and CI, Mayo *et al*.\[[@ref19]\] found that improvement in the uniformity and conformality of target dose may be achieved by the hybrid IMRT plan of two 3D-conformal beams and four IMRT beams. However, the comparison between the hybrid VMAT plan and the hybrid IMRT plan has rarely been reported. In our study, the dosimetric parameters of the hybrid VMAT plans are generally close to those of the hybrid IMRT plans. It is worth noting that the CI of the hybrid VMAT plans is significantly higher than that of the hybrid IMRT plans. This fact suggests that hybrid VMAT plans might be more suitable for whole-breast irradiation with SIB than are hybrid IMRT plans.

In breast radiotherapy, the lung is the primary and critical organ of concern. The *D*~mean~, *V*~5~, and *V*~20~ are good predictors for radiation-induced lung toxicity.\[[@ref28][@ref29]\] However, if the *V*~20~ of the ipsilateral lung was \<30% for breast cancer patients, clinically significant pneumonitis should be rare.\[[@ref30]\] It has been also reported that the expected complication rate is 20% if more than 50% of the lung volume receives 10 Gy.\[[@ref31]\] In our study, the *V*~5~ and *V*~10~ of the contralateral lung are 5.71% and 0.26% in the hybrid VMAT plan; the *D*~2~ of the ipsilateral lung in the hybrid VMAT plan was not significant compared with the hybrid 45°-IMRT plan; and the *V*~10~ and *V*~20~ of the ipsilateral lung in the hybrid VMAT plan were lowest (33.56% and 25.49%, respectively). Thus, lung toxicity associated with the hybrid VMAT plans should be reasonably low.

The heart is the most important organ to protect during left breast radiation therapy. In our study, the *D*~mean~ of the heart was the lowest (7.81 ± 1.60 Gy) in the hybrid VMAT plans, much less than the 12.2 ± 1.8 Gy reported by Goddu *et al*.\[[@ref32]\] for tomotherapy, and 8.7--21.1 Gy for the IMRT cases reported by Fogliata *et al*.\[[@ref33]\] Radiation-induced injuries of the heart appear mainly in the coronary arteries and connective tissues.\[[@ref34][@ref35]\] In our study, the *D*~2~ of the left ventricle in the hybrid VMAT plan was reduced by 6% (*P* \< 0.001) compared with the hybrid 15°-IMRT plan. The dosimetric parameters of the heart in the hybrid VMAT plan overall were moderately better than those of the hybrid IMRT plans, demonstrating that hybrid VMAT plans are also safer for the heart.

For patients enrolled in the present study, the mean radiation doses to the ipsilateral lung, and the heart in 3D-CRT plans were 10.95 ± 1.93 Gy and 5.86 ± 1.90 Gy, respectively. These values were moderately lower than that in the hybrid IMRT or VMAT plans \[[Table 4](#T4){ref-type="table"}\]. The 3D-CRT plans included boost dose from electron beams. These data confirmed that using tangential beams in the hybrid plans could take advantage of the low NT doses in 3D-CRT plans.

The dose to the contralateral breast is another critical factor to consider, especially for younger patients. Stovall *et al*.\[[@ref36]\] found an elevated long-term risk of developing secondary contralateral breast cancer, with the *D*~mean~ of 3.2 Gy to the contralateral breast with RapidArc. In our study, although the *D*~mean~ of the contralateral breast in the hybrid VMAT plans was higher than the other hybrid plans, the value (2.38 ± 0.84 Gy) was shown to be \<4.3 ± 0.7 Gy reported by Goddu *et al*.\[[@ref32]\] and 2.82 Gy by Boice *et al*.\[[@ref37]\]

More monitor units and extended therapy lead to higher doses to outfield NTs from leakage and scattered radiation, which in turn are likely to increase the incidence of radiation-induced malignancy. Hall and Wuu\[[@ref38]\] evaluated the secondary neoplasia rate after 10 years and found that the rate of radiation-induced malignancy was 1% in 3D-CRT and increased to 1.75% in IMRT. Kry *et al*.\[[@ref39]\] demonstrated that compared with 3D-CRT, IMRT plans had an increased MU and varied dose distribution and that this difference would double the incidence of secondary solid tumors. In our study, the hybrid VMAT plans using two coplanar 90° arcs resulted in a much lower beam-on time and MUs (*P* \< 0.001) than the hybrid IMRT plans.

The effects of respiratory motion should be addressed for patients for whom breath control is not utilized. The interplay of respiratory motions and dose delivery will cause deviations from the planned dose distributions, which are more pronounced for IMRT or VMAT techniques.\[[@ref40]\] To reduce interplay effects or setup uncertainties, sufficient target expansion margin and daily image guidance maybe considered for patients who are treated with the hybrid plans investigated in this manuscript.

C[onclusions]{.smallcaps} {#sec1-5}
=========================

Overall, our results show that the hybrid VMAT technique is feasible for adjuvant irradiation with SIB for left sided, early-stage breast cancer. Hybrid VMAT plans are especially superior to the hybrid IMRT plans with regard to heart dose and treatment delivery time.
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